The motile behavior of the bacterium Escherichia coli depends on the direction of rotation of its flagellar motors. Binding of the phosphorylated signaling molecule CheY to a motor component FliM is known to enhance clockwise rotation. It is difficult to study this interaction in vivo, because the dynamics of phosphorylation of CheY by its kinase CheA and the hydrolysis of CheY (accelerated by CheZ) are not under direct experimental control. Here, we examine instead the interaction with the flagellar motor of a double mutant CheY 13DK106YW that is active without phosphorylation. The behavioral assays were carried out on tethered cells lacking CheA and CheZ. The effects of variation in intracellular concentration of the mutant protein were highly nonlinear. However, they can be explained by a thermal isomerization model in which the free energies of clockwise and counterclockwise states depend linearly on the amount of CheY bound.
fore, an F factor was introduced into RP9535 (cheA lacY1) by mating with EC0, a Pro Ϫ strain that contains a temperaturesensitive F factor that carries the lac operon, and selecting for the ability to use lactose as a carbon source in the absence of proline, at 30°C. The resulting strain, HCB899, was infected with the helper phage strain, f1R408, which had been grown on JM109 transformed with pBES36. f1R408 preferentially packages ss plasmid DNA (23) . Recombinants were selected for resistance to kanamycin (50 gyml), followed by a second selection for resolved products by resistance to both chloramphenicol (10 gy ml) and sucrose (5%), as described (16) . The resulting strain, now kanamycin-sensitive, was passaged at 42°C to promote loss of the episome. This strain, HCB900, proved negative for infection by M13 (no plaque formation).
To confirm the deletion of the cheZ gene, PCR amplification of HCB900 DNA by using flanking primers 64R (5Ј-ACACCGGCTTTGCTGGTATC-3Ј) and 68F (5Ј-GTTATG-GATTTGTTATCTCCGAC-3Ј) ( Fig. 1 ) generated a fragment of the expected 315-bp size, compared with a fragment of 844 bp generated by parental strain DNA. Furthermore, no CheZ could be detected in immunoblots by using anti-CheZ mAb (see below). To confirm the transfer of cheY 13DK106YW , PCR amplification by using the primer pair 69R (5Ј-GTGGTAT-TCACTCCAGAGCG-3Ј) and 64R generated a single fragment of the expected Ϸ1.3 kb, compared with the absence of any fragment generated by the parental strain DNA.
To facilitate analysis of the switching behavior of tethered cells, we utilized the self-tethering property of flagellar filaments composed of an internally truncated flagellin (24) . First, FIG. 1. The segment of DNA (Lower) crossed into the chromosome of a cheA deletion strain (Upper) to yield strain HCB900, drawn to the same scale. The shaded regions are regions of homology used in the cross-in. cheY was replaced by cheY 13DK106YW and most of cheZ was deleted. Base pairs are numbered and fragments are labeled as in Table 2 . Arrows, transcription units; arrowheads, hybridization sites for primers; open boxes and lines, genomic DNA; solid boxes, lines, and circle, plasmid DNA. a nonreverting null mutation, fliC726 (25) , was introduced into HCB900 by P1 transduction, giving HCB901. Then, pFD313, which encodes a mutant flagellin in which 57 centrally located residues are replaced by 6 other residues (18), referred to as FliC st , was transformed into HCB901. Preliminary swimming assays suggested that expression of CheY** in uninduced cells of HCB901 transformed with pBR322yhag93 was high enough to cause significant switching. To increase the range of inducibility, an EcoRI fragment encoding LacI from pACYC184-I q was inserted into the unique EcoRI site of pFD313, and the resulting plasmid, pBES38, was transformed into HCB901, giving the final strain, HCB902. This was effective in reducing the uninduced concentration of CheY**, as confirmed by comparative immunoblots.
Purification of CheY wt , CheY**, and CheZ. Proteins were isolated essentially as described (26) by using the host strain RP3098 (⌬flhA-flhD). CheY wt and CheZ were produced from plasmid pRL22, and CheY** was produced from plasmid pXYZ202. Concentrations of purified proteins were determined from the Ala and Phe contents by amino acid analysis performed by the Microchemistry Facility, Bio Labs, Harvard University.
Purification of mAb. Clones of mouse mAb against CheY wt and CheZ were generated at the Max-Planck-Institut für molekulare Physiologie, Dortmund, Germany, and propagated in DMEMy10% fetal bovine serumy10% FetalClone I (HyClone) with 50 gyml gentamycin sulfate (GIBCOyBRL). Antibodies were purified from tissue culture supernatants by ammonium sulfate precipitation, followed by chromatography on Protein G Sepharose 4 (Pharmacia) according to the manufacturer's instructions. Protein concentrations were determined with Bio-Rad Protein Assay. Cell Cultures. Cells were prepared in the same way for quantitative immunoblots and behavioral assays. Strain HCB902 was grown overnight from frozen stocks in a 125-ml culture flask containing 10 ml tryptone broth (TB) (1% tryptoney0.5% NaCly 0.1% yeast extracty100 g/ml ampicillin). Saturated cultures were diluted 1:200 in a 250-ml flask containing 40 ml TB and 100 gyml ampicillin. After 4 h, IPTG from a freshly thawed 0.01 or 0.1 M stock solution was added and incubation was continued for 2 h, to OD 610 Ϸ 0.8. All incubations were at 33°C and 200 rpm. Strain RP3098 was grown as HCB902, omitting ampicillin and IPTG. Actual cell densities were determined by viable cell counts of serially diluted cultures plated on Luria-Bertani (LB) agar plates. Because cells of HCB902 stick to glass and yield an artificially low count, cells of HCB901 transformed with pBR322y hag93 were used for this determination. At OD 610 ϭ 0.8 (measured with Hitachi spectrophotometer U-3000), cell density was (6.2 Ϯ 0.7) ϫ 10 8 cells per ml. Dry weights of cells were determined as follows. Cells were grown as above. Four 30-ml samples were harvested by centrifugation, resuspended in 77 mM ammonium acetate, pH 7.0, transferred to tared Eppendorf tubes, centrifuged, washed in the same buffer, and lyophilized for 2-3 days. Medium and buffer were prefiltered (0.2 m). A value of 0.26 Ϯ 0.01 mgyml of culture (mean Ϯ SD for five determinations) was obtained.
Quantitative Immunoblots. Aliquots of strain HCB902 (0.2-1.0 ml) were used with aliquots of strain RP3098 to bring the final volume to 1.0 ml. Cells were harvested by centrifugation, washed once in 50 mM Tris⅐HCly0.5 mM EDTAy2 mM DTTy10% (vol/vol) glycerol, pH 7.5, resuspended in 40 l of SDS-sample buffer, and heated to 100°C for 6 min. Samples of this mixture (called cell extracts) were stored at Ϫ20°C. Control samples were prepared by adding 10-60 ng of purified CheY** to an extract prepared from a 1-ml aliquot of RP3098. Four samples and nine standards (at three different concentrations) were applied to each gel. Electrophoresis was performed by the procedure of Laemmli to the space between the coverslip and the slide. The slide was inverted and, after 3-5 min, inverted again and rinsed with several volumes of 10 mM potassium phosphate (pH 7.0)y67 mM NaCly0.1 mM EDTA. Data were collected for up to 2 h. Data Acquisition and Analysis. The angular positions of tethered cells, rotating under the coverslip, were measured individually with a linear-graded filter apparatus (30) , which generates two output voltages, x and y, proportional to the cosine and sine of the angle of the cell image. These output voltages were low-pass filtered (two-pole filter, time constant, 4.7 ms) and sampled 256 times per second, in blocks of 128 s, by using LABVIEW 3.1 (National Instruments, Austin, TX). The number of blocks per cell varied from 2 to 10. The raw data were smoothed by averaging successive data points, and an envelope-detection routine was used to eliminate DC offset and correct for drift. Thns where K D is the dissociation constant for the CheY** binding site. The quantity in square brackets is the fraction of binding sites occupied (or the probability that a given site is occupied). The ratio of the probabilities of being in the CW or CCW state, (CW bias)y(1 Ϫ CW bias) ϭ k ϩ yk Ϫ , is equal to the Boltzmann factor exp(Ϫ⌬GykT). Therefore,
If this equation is fit to the data points of Fig. 3C , given ⌬G o ϭ 14.4 kT, we obtain Mr ϭ 23.1 kT, and K D ϭ 9.1 M (Fig. 4) .
We have assumed that C, the concentration of free CheY**, is the same as the total amount of CheY**, i.e., that the total number of binding sites in the cell is small compared with the total number of molecules of CheY**. The abscissa in Fig. 3A was obtained from the bias data alone, because bias is an equilibrium property, and k ϩ yk Ϫ , Eq. 3, is equal to (CW bias)y(1 Ϫ CW bias). However, the fits shown by the solid lines in Fig. 3 B and C require, in addition, measurements of rates (the data in Fig. 3B ). Our estimates of Mr and K D are probably no better than about Ϯ10% and Ϯ40%, respectively.
DISCUSSION
There are two kinds of mechanisms by which the binding of molecules of CheY (CheY-P or CheY**) might affect the direction of rotation of a flagellar motor: one deterministic and the other stochastic. In a deterministic mechanism, the direction of rotation depends, at any moment in time, on the amount of CheY bound. Thus, in a two-state model considered (and rejected) by Kuo and Koshland (5), the motor spins CCW when no CheY is bound, or CW when one CheY is bound. In this special case, binding and rotational states are equivalent. More generally, in a deterministic mechanism, state refers to a binding state, not a The ϫ values were obtained from exponential fits to interval distributions (where possible), computing the bias and reversal frequency for each cell, and taking the means over the cell population (with fewer than 30 cells at low and high bias, where reversal frequencies were infrequent). The dashed line values were obtained from fits of the model mechanism to k ϩ and k Ϫ (Fig. 4) . The solid line values were obtained from fits of the model mechanism to CW bias and reversal frequency. See the text. (Inset) A segment of an angular speed record spanning 10 sec; CCW is ϩ. (38) , the motor spins CCW when zero or one CheY is bound, or CW when three or four CheYs are bound. It is asserted that the sigmoidal nature of the bias plot reflects cooperative binding, and this is built into the model to achieve a fit (5, 38) . A Hill plot of our data of Fig. 3A has a slope of 4.2 (not shown).
In a stochastic mechanism, on the other hand, the binding of CheY determines only the probability of CW or CCW rotation. For any given fraction of sites bound, switching can still occur; it is driven by thermal fluctuations. Here, state refers to direction of rotation, not to CheY binding. The deterministic model asserts that CheY throws the switch. The stochastic model asserts, merely, that CheY changes the stabilities of the two rotational states.
One argument in favor of a stochastic mechanism that also provides justification for a theory involving hopping between states is that switching events are rare (occur on a time scale that is long compared with periods of molecular vibration; ref. 33 ) and distributions of waiting times (of CCW or CW rotation intervals) are exponential (39) . A multistate deterministic model does not generally have the latter property, particularly if the rate constants coupling different states have similar orders of magnitude. This is evident, for example, in figure 4 of Bray et al. (38) , which shows a run-length distribution with a long tail. Another argument in favor of a stochastic model is that transitions can be induced without any CheY binding at all: rotation in a cell devoid of CheY can be shifted from exclusively CCW to predominantly CW simply by lowering the temperature (31) .
As evident in Fig. 4 , our behavioral data can be fit by a stochastic model remarkably well, given two simple assumptions: (i) that CheY binds to a set of identical, independent sites, and (ii) that this binding shifts the energy level of the CCW state up and the energy level of the CW state down by amounts directly proportional to the number of molecules bound. In such a model, motor switching rates do not depend on CheY-binding off-rates. . This yields a dwell time of 4.6 ms. If this is so, CheY will visit each binding site about 220 times a second or any one of 26 independent sites 5,700 times a second, i.e., at frequencies much higher than the reversal frequency. As a consequence, the free-energy difference between CW and CCW states will fluctuate, but the averages over rotation intervals and thus, the probabilities of hopping from one state to the other, will remain well defined.
Kuo and Koshland (5), working with CheY wt weakly activated by a CheAyZ fusion protein, obtained CW bias and k ϩ , k Ϫ curves of approximately the same shape as those shown in Fig. 3 . This equality is expected if CheY-P and CheY** have similar effects on the motor and if the same fraction of CheY wt is phosphorylated at different CheY wt concentrations. In addition, the values of k ϩ and k Ϫ obtained in the two sets of experiments for a given bias, say 0.5, are approximately the same, even though the K D for binding of CheY-P must be substantially smaller than that for CheY**. This implies that the motor-switching rates are the same in the two sets of experiments, even though the dwell times of CheY on the binding sites are different. As noted above, this is expected for a stochastic model. It is not expected for a deterministic one. Finally, our model is similar to one proposed by Macnab (41) but without the assumption that the binding of CheY is highly cooperative. We have shown that one can obtain a sigmoid bias curve that displays sizable gain over a narrow concentration range (10-20 M for CheY**, Fig. 3A) without that condition.
